ABSTRACT: The present paper focuses on the fabrication of polycrystalline Si nanocones, starting from hydrogen-containing gas mixtures activated in a dual-mode microwave/radio frequency plasma reactor. Taking advantage of the capacitive coupling of microwave (MW) and radio frequency (RF) plasmas, dense arrays of vertically aligned or isolated nanocones, with predetermined basal diameters, can be routinely prepared by engineering the distribution of Ni sites on lithographically patterned Si surfaces. Such elongated objects are constituted by nanocrystalline Si extruded from the negatively biased substrate. Under suitable experimental conditions, a thin surface deposit of hydrogenated amorphous C is achieved. The one-step growth of elongated three-dimensional Si/C entities is rationalized considering the Si−Ni diffusion induced by energetic H ions and the formation of Si/Ni systems with a melting temperature lower than the bulk Si. Reflection high-energy electron diffraction (RHEED) analysis and micro-Raman spectroscopy have been used to study the crystallographic features of the Si nanocones and to confirm the role played by the Ni deposits. The present methodology is proposed as a viable route for a scalable fabrication of designed Si or Si/C nanostructures to be integrated in Si devices.
■ INTRODUCTION
Over the last two decades, a strong downscaling of electronics has taken place, supported and funded especially by the information technology industry, interested to expand the mainstream Si-based technology by developing new, highperformance devices. This continuous scaling is driving toward the realization of novel device architectures based on the assemblies of different nanosized Si structures. Among a variety of proposed Si nanostructures, nanowires and nanocones are presently considered as the most attractive components not only for micro-nanoelectronics 1,2 and optoelectronics 3 but also for a variety of other applications, ranging from batteries 4 to solar cells 5 and cold cathodes. 6 Structures with a high aspect ratio, characterized by size confinement in two coordinates, offer indeed a number of advantages with respect to conventional bulk or thin film counterparts, such as size and shape control, lower power consumes, and higher integration in devices.
However, the fabrication of Si-based ever-small electronic and opto-electronic devices could cease to be worthwhile, first because it cannot be guaranteed that Si at much smaller length scale will behave as expected, and also because of the costs for fabrication of complex structures using top-down lithographic processes. Nanoscale Si is a complex material with regard to its stability, because the optoelectronic properties show environmental and aging degradation, with resulting ambiguity in device performance evaluation.
Alternatives to all-Si nanoelectronics will involve development of hybrid devices, a combination of foreign nanostructures atop Si platforms. The most suitable candidate for fabrication of heterostructures is without any doubt the versatile C, another element of the IV group of the Periodic Table that can be produced in a variety of forms, from amorphous films to highly crystalline structures, both at the macro-, meso-, and nanoscale. Specific carbon forms can add novel functionalities, exploiting capabilities of Si-based devices.
In this context it is thought that the coupling of Si nanostructures with carbon-based nanomaterials could help in overcoming, at least partially, some critical limitations. This is a very attractive prospect, but it is not an easy task and the way forward is to systematically study processing methods aimed to build up different combinations of Si and C.
Tailored Si and C complex nanostructures are nowadays designed and obtained mainly using chemical vapor deposition (CVD)-based apparatuses, where kinetically driven processes promote the creation of novel materials, enabling at the same time to modulate their size, shape, and structure.
However, processes carried out under nonequilibrium conditions often reveal surprises, due to the dynamic competition between concomitant reaction routes. The experimental evidence suggests that many aspects of already settled synthesis methodologies are still poorly understood and that some less considered phenomena could be just as important in determining the nature and nanostructure of the final products as the main deposition conditions usually taken into consideration.
Using a dual mode microwave−radio frequency (MW-RF) reactor in order to implement a bottom-up nanofabrication method, a systematic study is currently going on in our laboratories with the general target of building up threedimensional (3D) Si and hybrid Si/C nanostructures. In particular, the growth of conical-shaped and vertically aligned Si nanostructures with amorphous hydrogenated carbon surface layers is here reported. Such specific hybrid nanostructures could be useful in a variety of applications, including the realization of high-capacity anodes for Li-ion batteries, having the potential capability to increase electronic contact and conduction and buffer volume changes during Li-ion insertion/ extraction. 7 
■ EXPERIMENTAL SECTION
The Si/C structures were generated using a purpose-designed plasma enhanced-chemical vapor deposition (PE-CVD) reactor, where the gas phase (a H 2 /CH 4 mixture) is excited by a dual-mode MW/RF plasma. A detailed description of the apparatus can be found in ref 8 . In the present experiments two frequencies, MW (2.45 GHz) and RF (13.56 MHz), were applied to initialize the plasma.
This technique connects the advantages of microwave discharge, such as homogeneity of plasma and high concentration of active species, with the ability to control ion energy and directionality by proper biasing of the substrate. 9 In particular, it is well-known 10 the RF induces a negative DC self-bias potential V b (measured with respect to the ground) that forces the accelerated positive ions to travel toward the substrate following the lines of the applied field. The V b values are dependent on both the RF power and on the working pressure. In the 5−20 mbar range, at an RF power of 100 W, an experimental relation of the type V b = A + Be −CP was found to hold, with A = 39 ± 1 V, B = 529 ± 1 V, and C = 0.100 ± 0.001 mbar −1 . In the present experiment, aiming to reach a V b value of 230 V, the total pressure was kept at 10 mbar and the MW and RF powers were fixed at 100 W. On the basis of several trials it was found that, in order to produce Si nanocones with a thin C coverage, a suitable ratio between the flowing rates of H 2 and CH 4 could be 10. The flow rates of H 2 and CH 4 were therefore fixed at 100 and 10 sccm, respectively. The runs lasted 30 min. During the runs the substrate temperature, measured using a thermocouple attached to the substrate holder, was found to vary from T = 510 ± 10°C at the beginning of the process up to T = 620 ± 10°C at the end. The synthesis experiments have been performed on Si (100) substrates patterned by lithography using masks shaped as "4" and as circular spots of 150 nm diameter, respectively. The substrates were prepared by sputtering 15 nm thick Ni inside the patterned areas.
The deposits have been characterized using scanning electron microscopy (SEM), reflection high energy electron diffraction (RHEED), transmission electron diffraction (TED), and microRaman spectroscopy.
SEM observations have been carried out by a field emission SEM Hitachi S4000. RHEED observations have been performed at 60 keV on an electron optics column AEI EM6G, equipped with a highresolution diffraction stage.
The micro-Raman spectra were acquired using an Ar ion laser (514.5 nm excitation wavelength) and a 600 g/mm and a 1800 g/mm gratings spectrometer (iHR550 -HORIBA JOBIN YVON) coupled with a liquid-nitrogen cooled CCD. The spectral resolution is 3 cm −1 (using the 600 g/mm) and lower than 1 cm −1 (using the 1800 g/mm). In order to avoid samples damage, the laser power was settled at about 5 mW. Figure 1a shows the FE-SEM image of a typical deposit grown inside a Ni-catalyzed area shaped as "4". A larger magnification of the boundary between coated an uncoated regions allows one to note that the deposits are formed by regular arrays of vertically elongated structures (Figure 1b,c) . The conical-like well aligned objects (length up to 1.5 μm) are found to protrude out of the surface at 90°.
■ RESULTS AND DISCUSSION
Taking a series of Raman spectra from various regions of the vertical deposits, a preliminary structural study has been performed. No significant differences were found among such spectra. A typical as detected and background subtracted Raman spectrum in the range 300−2700 cm −1 of the sample is displayed in Figure 1d .
The broad signals at about 1350 and 1598 cm −1 , corresponding to the D and G bands of nanographitic structures, indicate the presence of an amorphous sp 2 -carbon phase. The strong luminescence noted in all the spectra is likely due to highly hydrogenated amorphous carbon, produced under our experimental conditions that induce negative self-biasing of the substrate. 11, 12 Under the action of such high negative potential the hydrogen ions of the plasma are indeed forced toward the substrate, where they impact with the growing species inducing an effective hydrogenation of the amorphous carbon.
In an attempt to remove the hydrogenated amorphous carbon phase, the samples were submitted to a thermal treatment, carried out at 980 ± 20°C for 2 h in a N 2 atmosphere. FE-SEM images of the deposits submitted to the thermal treatment are shown in Figure 2a ,b. Heating did not substantially modify the original architecture of the deposits, and the vertically protruding conical structures survived maintaining their shape in terms of height and basal diameter. A partial bending of some of the conical apexes is also observed. From inspection of the Raman spectrum reported in Figure 2c , the complete disappearance in the Raman spectrum of the D and G bands as well as of the luminescence due to the hydrogenated sp 2 -carbon can be appreciated. The Raman spectra taken after the thermal treatments show, for all the samples, only well-defined peaks at about 520 and 980 cm −1 , related to first-and second-order scattering from crystalline Si. 13 The comparison of the spectra registered before and after the sample heating demonstrates that the conical objects generated by the CVD runs consist of crystalline Si nanostructures, having a thin surface layer of amorphous hydrogenated sp 2 -carbon, completely removed by the heating. It is to be noted that among the scientific community the interpretation of one phonon Raman spectrum of the Si nanostructures is still under debate. Several reasons have been invoked in order to explain the inconsistencies of the Raman parameters measured for the various Si nanostructures. Such inconsistencies can be rationalized taking into account sample inhomogeneity, Fano scattering from photogenerated carriers, stresses and laser induced heating.
14−18 For a deeper discussion about this matter, more detailed Raman spectra have been taken in the range 450−590 cm Under our experimental conditions, the Si substrate exhibits a Gaussian line shape with a maximum at 518 cm −1 and a fwhm of 7 cm −1 (spectrum in the bottom of Figure 2d ). The occurrence of a slight red shift and of the broadening of the Si band with respect to the typical features of the Si signal (ω = 520 cm −1 and fwhm = 3 cm −1 ) is consistent with heating effects. 19 On the other hand the spectra obtained from sample before and after thermal treatment (Figure 2d ) show a larger downshift and an asymmetrical enlargement of the first-order band. These curves can be deconvolved in two components centered at about 510 and 517 cm −1 , and ascribable to different Si phases existing in the sample. The principal line centered at about 510 cm −1 is due to the first-order Raman frequency in silicon nanostructures, the large shift observed with respect to the bulk Si is likely related to laser heating effects coupled with a poor thermal dissipation. With respect to bulk Si, both size effects and poor thermal contact with the substrate can explain the high sensitivity of the Si nanowires even to the low increase of temperature produced by a moderate laser power. , with a larger bandwidth and a slightly red shift with respect to the (100) Si, arises from the defective surface of the silicon substrate. The decrease of the 517 cm −1 bandwidth after the thermal treatment can be related to a partial recrystallization of the silicon surface and an improving of the thermal contact with the silicon nanostructures.
In conclusion, the analysis of Raman data highlight that the nanocones are constituted mainly of nanocrystalline Si. The elongated shape of the protruding nanostructures would account for the poor thermal contact with the substrate.
A complementary structural investigation was carried out on the thermally treated samples using a RHEED apparatus equipped with an high resolution goniometer stage, that enabled us to vary the incidence angle θ of the electron beam with respect to the sample surface and to perform measurements under different geometrical conditions. The RHEED analysis did not show significant and appreciable differences, within the sensitivity limits of such diffraction techniques, in the crystalline features of the samples before and after thermal treatments. The only difference is the presence, before the thermal treatment, of a diffused background that is typically due to the presence of a very thin surface amorphous layer. 21 The first measurements were performed in selected area conditions using an aperture of 50 μm and keeping the boundary between coated an uncoated regions parallel to the ebeam. Probing such a region, the RHEED pattern (Figure 3a) shows the concomitant presence of (100) Si single-crystal (spots) and of polycrystalline randomly oriented Si (rings).
Further measurements were carried out using a smaller aperture (10 μm) and decreasing the incidence angle as much as possible. Moving the e-beam toward the Ni-coated region on which the FE-SEM analysis revealed the presence of conical structures (see Figure 2) , it was possible to drive the e-beam to interact prevalently with the outermost part of the sample, thus obtaining a diffraction pattern in transmission conditions (Figure 3b ) through the protruding structures.
Under such conditions the RHEED pattern consists of slightly and radially broadened diffraction rings, whose spacings is indicative of polycrystalline Si. The broadening of the rings can be straightly attributed to the presence of crystallites with a small size (in the range of very few tens of nanometers) and/or to the concomitant presence of lattice strain due to surface relaxation and nonuniform lattice distorsions. Such distortions could be ascribed to the surface tension of crystallites, keeping in mind that the probability and intensity of the surface tension increase with crystallites size decreasing. Overall, the broadened features of the Debye's rings can be undoubtedly ascribed to the presence of nanocrystallites with very small sizes.
By increasing the incidence angle, the condition of diffraction in reflection is restored and the corresponding ED pattern is reported in Figure 3c . From the analysis of the ED signals one obtains the interplanar spacings ( Table 1 ) that reveal the presence of two concomitant sets of Debye's rings, one corresponding to nanocrystalline Si and the other one belonging to the nanocrystalline NiSi 2 phase having a cubic structure with a lattice constant spacing a = 0.541 nm.
22−24
Figure 3. Electron diffraction patterns (EDPs) in reflection (a, c) and transmission (b) conditions from different regions of the sample: (a) boundary region between as-grown and plasma exposed areas: concomitant presence of spots (from the single crystal in the uncoated region) and Debye's rings (from the randomly oriented Si crystallites in the coated region); (b) outermost part of the plasma exposed area, constituted by protruding Si crystalline structures. In such conditions, the e-beam is practically parallel to the sample surface (assuming as reference that one of the as-grown regions) and interacts, in transmission, only with the protruding structures generated by the MW-RF plasma; (c) plasma exposed area: by tilting the incidence angle, the EDP includes also the structural information coming from a larger depth, making possible the detection of a second crystalline phase due to the presence of Ni (rings with black dots) and identified as NiSi 2 , according to the data reported in Table 1 . The indexing for Si and NiSi 2 phase are reported as white and black labels, respectively. To better show the morphological and structural characteristics of the elongated deposits, some experiments have been carried out under the same conditions, but using Si(100) substrates patterned by lithography with 150 nm Ni spots. The dimension of the spots have been chosen in order to match the basal size of the conical vertical nanostructures forming the arrays of Figure 1 . A general view of a sample at the end of the deposition process and details of a nanocone can be observed in Figure 4a ,b, respectively.
Crystal Growth & Design
The individual conical objects shown in Figure 4a ,b, more than 1 μm long and with a base of approximately 100 nm, closely resemble the aligned vertical structures grown inside the Ni-catalyzed areas of the "4" shaped samples (Figure 1) .
The results of the above-reported characterizations indicate without any doubt that the conical forms generated on Si substrates using CH 4 as feeding gas, under conditions that in general produce one-dimensional carbon nanomaterials such as nanotubes and nanofibers, are instead made by polycrystalline Si. In the present case the only solid form of the C element is an amorphous hydrogenated layer covering the conical Si nanostructures, a layer that can be easily removed by a thermal treatment.
These unexpected and rather surprising results can be explained considering that the growth processes are performed on Si substrates patterned with thin deposits of Ni, and that the substrates, under our experimental conditions, are negatively biased. The highly negative value of the self-bias voltage, induced in the substrate holder by the application of an RF plasma, accelerates the motion of the positive H ions toward the substrate. In a previous work dealing with the synthesis of Si/CNT nanostructures, it was argued 8 that the bombardment by energetic H ions, combined with the substrate heating, could induce a process of mutual diffusion between Si and the Ni deposits, giving rise to a molten Si/Ni phase rich in Si. Under the action of the electrical field such a molten Si-rich phase is easily pulled up along the vertical lines of the field, producing elongated Si-based entities. The presence of Ni is of fundamental importance for the whole process, because the formation of Si/Ni droplets systems lowers the melting temperature of the bulk Si. The rapid cooling at the end of the process induces a crystallization of the melted Si in polycrystalline structures. This is not only a speculation, based on the fact that such elongated Si structures are formed only in 
■ CONCLUSIONS
We demonstrated that conical Si structures can be realized on Si plates using a dual-mode MW/RF plasma reactor, in which the H ions experience an electric field biased toward the Si substrate, so that the ions may impinge on that surface with rather high kinetic energy. Precise location for the growth of the vertically protruding structures can be achieved by a proper preparation of the Si surfaces, modulating size and shape of the Ni layers sputtered inside patterned areas. Isolated nanocones with variable basal diameters down to 100 nm or dense arrays formed by such Figure 3 with the Corresponding Attribution to Si (White Label in Figure 3 ) and NiSi 2 (Black Label and • in Figure 3 elongated objects can be routinely prepared by engineering the distribution of Ni sites on Si surfaces. The present approach allows one to fabricate ordered arrays of Si nanocones strongly anchored to the Si substrates from which the elongated structures have been extruded. Our approach appears more simple and effective in comparison with more complicated methodologies involving two-step processes. 25 The hypothesis for the building up of Si nanocones onto Nicoated Si substrates is that such Si nanostructures originate from a molten/recrystallizazion process driven by the selfbiasing of the substrate. The presence of Ni lowers the melting temperature of the crystalline Si substrate, due to the formation of a Si−Ni eutectic under both surface heating and activation via intense ion bombardment.
One collateral and surprising aspect of this work is that the features of the Si cones and their assumed geometries strictly remember images of similar objects reported in the literature 26−30 and commonly indicate as "carbon nanotubes or nanofibers", in view of the fact that carbon-containing gases were used as reagents. References 26−30 are simply reported as exemplificative but not exhaustive cases. In general, such papers did not report any structural analysis excluding the occurrence of Si-containing rather than pure carbon nanostructure (or their concomitant presence). In such a context and on the basis of the present results, it is not possible to exclude that some of the already reported C nanostructures using substrate bias PECVD techniques could instead consist of (or containing) Si-based crystallites.
Under the conditions of the present experiments a thin surface carbon layer, produced by CH 4 condensation, is produced on the grown conical Si structures and on the Si substrate. The presence of amorphous carbon layers was planned to produce Si/C heterostructures with multifunctional capabilities. Thickness and structure of such C layers deposited on Si can be modulated by varying the composition of the feeding gas phase and the duration of the synthesis runs.
First of all, a thin C layer can protect the underlying Si nanostructures from oxidation, and its complete removal is easily achieved by a subsequent thermal treatment.
Moreover, the hydrogenation of the carbon outermost deposits may produce, in a controllable way, structural defects, and thus can be used to promote the formation of suitable sites for nucleation of other carbon forms, based on both sp 2 and sp 3 hybridization. 31, 32 Si/C systems hold considerable appeal as a way to improve performances in electronic and optoelectronic applications, but the realization of technologies based on Si architectures depends on the ability to control the growth and the assembling on an individual and collective basis.
Overall, the proposed easily scalable one-step approach appears suitable for the fabrication of complex 3D Si architectures or designed Si/C nanostructures to be integrated in planar Si devices.
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